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► Abstract 

Background The role of oxidant stress in cardiac ischemia/reperfusion injury in 
humans remains controversial. This is due, in part, to the limitations of 
available indices of oxidant stress in vivo. Isoprostanes are stable, free radical- 
catalyzed products of arachidonic acid. We assessed their formation in patients 
undergoing coronary reperfusion via percutaneous transluminal coronary 
angioplasty (PTCA). 
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Methods and Results We developed specific, mass spectrometry assays for two structurally 
distinct F 2 isoprostanes, 8 -epi-PGF 2 a and IPF 2 a:-I. Urine samples for isoprostane determination 

were collected in patients undergoing coronary arteriography (n=l 1 ), elective PTCA (n=15), and 
angiography after thrombolysis for acute myocardial infarction (MI) (n=l0). Urinary levels 
(pmol/mmol creatinine) of both isoprostanes were markedly increased from baseline in the first 
6 hours after PTCA for acute MI (105±17.8 versus 230+66 for 8 -epi-PGF 20 (P==.0091 and 


C 466±91 versus 833±153 forIPF~a-I [P=.001]) and returned toward preprocedural values by 24 
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hours (122±18 for S-epi-PGF^tr and 457±102 for IPF^a-I). There was a slight increase in urinary 
S-epi-PGF^a levels (64.7±9.5 versus 84.9±10.6; F=,02) after diagnostic coronary arteriography 

and elective PTCA (88.7+7.5 versus 114,3±16.T, P=.01). A striking correlation was observed 
(r=.68, F<.0001; n=33) between urinary S-epi-PGF^a and IPF^ftJ levels in patients receiving 

thrombolytic agents for acute MI. 

Conclusions Urinary isoprostane levels are elevated in patients after treatments resulting in 

reperfusion for acute MI. These findings provide evidence consistent with increased oxidant 
stress in vivo in this setting. Measurement of urinary isoprostanes may offer anoninvasive 
approach to the assessment of oxidant stress and the efficacy of antioxidant therapies in these 
syndromes. 


Key Words: oxidant stress • lipids • angioplasty 


► Introduction 


The role of oxidant stress in the pathophysiology of human disease remains 
controversial.^ This is particularly true in the case of cardiac ischemia 
reperfusion. > Despite evidence of a relationship between free radical 
generation and myocardial dysfunction in animal models,'*’^ little evidence of 
such a relationship exists in humans. Thus, in patients with acute MI who are 
treated with thrombolytic drugs or PTCA, it remains unclear whether interventions aimed at 
suppressing free radical generation can improve clinical outcome. Attempts to address this 
possibility are constrained, in part, by the limitations intrinsic to available indices of oxidant 
stress in vivo.^’^ Traditional approaches have targeted nonspecific or unstable products of such 
reactions®’® or have relied on spin adduct foimation or lipoprotein oxidizability induced ex 
vivo.^®’^^ More recently, a number of novel assays of more stable markers of oxidant stress 
have been described,including the estimation of a family of stable end products of lipid 
peroxidation, the isoeicosanoids.^'^’^^ 

Arachidonic acid is subject to oxidative modification, resulting in isomeric species analogous to 
the traditional enzymatic products of this fatty acid.*^ Thus, IsoPs include isomers of the D, E, 
and F PGs.^^ IsoPs, isomers of PGF^c^, are divided into four classes according to the site of 

free radical attack on arachidonic acid (Fig They have been detected in human urine and 

plasma,and a number have been ascribed biological activities in vitro.We developed 
specific and sensitive assays using GC/MS for two distinct F 2 IsoPs, S-epi-POPjO (class IV)^^ 

and IPF^a-I (class I) and are exploring their potential use as specific, chemically stable, 
noninvasive indices of free radical generation in vivo. We previously reported finding increased 
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formation of S-epi-PGF^f in several syndromes of oxidant stress in humans, such as cigarette 
smoking, acetaminophen poisoning, and coronary reperfusion with thrombolytic drugs. 


Figure i. .Arachidonic ;icid is subject to attack in situ on ; 
membrane pho.spholipids by free radicals (FR), leading 
to IsoP generation. .Alternatively, it may be metabolized 
enzymatically, after phospholipase-dependent cleavage 
from cell membranes, by CQ.Xs to produce PGs. I he Ft 

IsoP. isomers of PGF^o, cun be divided intt> iVuir 

Z ! 

classes: S-epi-PCr^o belongs to class IV, and TPF-,fi-l 
belongs to cla,ss T. 8-Epi PGF.,a is a minor byproduct of 

the COX pathways in vitro. However, in parallel 
c.spenmcnis, IPF^a-I is not generated in this manner. 

ROS are thought to mediate the reperfusion injury that characterizes myocardial stunning in 
animal models of coronary occlusion/reperfusion. Indeed, suppression of ROS generation in 
such models has resulted in a marked attenuation of myocardial dysfunction."*’^ Syndromes of 
reperfusion injury in humans include the regional myocardial stunning seen in some patients 
after acute revascularization for MI and the global myocardial reperfusion injury that may 
follow CABG. ° Furthermore, increased free radical generation has been reported in both of 
these settings. However, the effect of administration of antioxidant drugs during 
reperfusion for MI has been disappointing.^^’^"* It is unclear whether this reflected a true lack of 
efficacy, a deficiency of trial design, or inadequate dose finding. Remarkably, the most 
appropriate antioxidant dosing regimen for vitamins C and E in patients with cardiovascular 
disease remains to be determined. 

We recently demonstrated increased generation of 8 -epi-PGF 2 <» in a number of syndromes of 

cardiac ischemia/reperfusion.^"* The results of present study extend these observations by 
demonstrating a relationship between urinary IsoP generation and reperfusion in patients 
undergoing acute revascularization for MI. Furthermore, similar results are obtained with 
measurement of two distinct F 2 IsoPs. These results reinforce the likelihood that urinary IsoPs 

may represent a time-integrated, noninvasive index of free radical generation in syndromes of 
cardiac reperfusion. Measurement of IsoPs may be used to guide the development and 
evaluation of rational antioxidant regimens in this setting. 

► Methods 
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Clinical Studies I 

Patients were enrolled at Saint James’ Hospital, Dublin, Ireland, and at Hopital j 
Laval, Quebec, Canada. All studies were approved by the institutional review 
boards of the respective hospitals, and informed consent was obtained from the 
volunteers participating in the investigation. Three studies were performed. The . 
first two were conducted at Saint James’ Hospital. The patient mix reflected that of the hospital 
referral base; all were Caucasian, and socioeconomic classes 3 through 5 predominated (15 of 
26). In the first, urinary excretion of IsoPs was characterized in 11 clinically stable patients 
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(age, 46 to 70 years; 7 men and 4 women) undergoing diagnostic coronary arteriography. 

Clinical and angiographic details of these patients are provided in the Tables. Four patients had 
previously documented coronary disease, 10 had symptoms of angina, and all had positive stress 
tests. Eight patients were taking aspirin, and 2 were cigarette smokers. Seven patients had 
significant coronary disease (>50% lesion in at least one vessel) at coronary arteriography. 

Three serial 6-hour urine samples were collected from these patients, one before and two after (0 
to 6 hours and 6 to 12 hours) angiography. There were no complications related to the 
procedure. 



j View this table: 

\ [in this window] 

I [in a new window] 

I 


Table 1. Clinical and Angiograpliic Charactehslics of Patients 
Undergoing Diagnostic Coronary Angiography, Elective PTCA, and 
Angiography After Acute Ml 
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In the second study, urinary IsoP excretion was assessed in 15 patients (age, 45 to 72 years; 11 
men and 4 women) undergoing elective PTCA. Clinical and angiographic details of these 
patients are summarized in the Tables. All patients had undergone diagnostic coronary 
catheterization at the same hospital within the previous month and had symptoms typical of 
angina. All patients had one-vessel coronary artery disease. All patients received chronic aspirin 
therapy before the procedure, and 2 were current smokers. Concurrent heparin was administered 
to all patients and continued until the morning after the procedure, when femoral lines were 
removed. There were no acute vessel closures in this study group, and no patient experienced 
complicating MI or significant bleeding. There were no stent implantations. Serial 6-hour urine 
samples were collected from these patients in a similar protocol to that in the first study. 


o 





The third study was performed at Hopital Laval. IsoP generation was examined in a cohort of 
patients who were sequentially randomized to the PRIME study^^ at this center and in whom 
serial urinary samples could be collected. This study was a multicenter, randomized, controlled, 
dose-finding trial of Efegatran (a specific thrombin inhibitor) in patients receiving thrombolysis 
for acute ML All patients had typical chest pain within 12 hours of arrival at the emergency 
department (ED) with ST-segment elevation on their initial ECG and no contraindication to 
thrombolytics. Patients received oral aspirin (325 mg) and front-loaded IV rt-Pa (15-mg bolus. 
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0.75 mg/kg over the following 30 minutes, and 0.5 mg/kg over a final 60 minutes) and 
underwent coronary angiography (^O minutes after administration of lytic drug. At this time, 
PTCA was performed if the culprit vessel was closed or had TIMI grade flow of <2. Ten 
patients (age, 37 to 70 years; 10 men) of 38 who had been randomized during a 12-month 
period, had adequate urine sampling performed. This involved the collection of a "spot" urine 
sample in the ED before undergoing cardiac catheterization and three sequential 6 -hour urine 
collections after the performance of angiography or PTCA. Seven of the 10 patients underwent 
PTCA in this setting; 5 patients had an occluded vessel, and 2 had TIMI grade I flow. Clinical 
and angiographic details of these patients are given in the Tables. 



IsoP Analysis 

Urine samples were collected into polyethylene bottles containing 0.1% of the antioxidant, 
butylated hydroxyanisole. They were kept refrigerated during the collection period, after which 
they were immediately aliquoted and stored at -70°C. Samples were bulk shipped on dry ice to 
the Center for Experimental Therapeutics, University of Pennsylvania, where IsoP analysis was 
performed. 


#iMi 

8 -Epi PGF 2 a was quantified by GC/MS as previously described.^^ Urinary IPF 2 ft-I was 

( analyzed using similar techniques with the following modifications.^^ The internal standard was 
tetradeuterated(17,17,18,18) IPF 2 «-I. After the addition of the internal standard to a l00-/tL 

urine sample, 250 mg of l-ethyl-3-(3-dimethylaminopropyl)-carbodiiimde methiodide was 
added and allowed to stand for 30 minutes at room temperature. The sample was then extracted 
on a Rapid Trace solid-phase extraction workstation using a CIS SPE cartridge. The solvent 
program included washes with 1 mL each of H 2 O and 25% ethanol/H 20 followed by elusion 


with 1 mL of ethyl acetate. After drying under N 2 , the sample was dissolved in 10 /xL of 
methanol and 15% KOH/H 2 O and allowed to stand for 30 minutes at room temperature. After 

the addition of 200 /xL of 0.5 N HCl, the sample was extracted with 1 mL of ethyl acetate and 
dried under N 2 . Formation of the pentafluorobenzyl ester and subsequent thin-layer 

chromatographic purification were carried out as for 8 -epi-PGF 2 g. For GC/MS analysis, the 

trimethylsilyl derivative, as opposed to the tert-butyldimethylsilyl ester, was used. The GC was 
programmed to go from 190°C to 320°C at 20°C/min; retention time was ftj8.5 minutes. Ions 
monitored were m/z 569 and 573. Quantification of both IsoPs was performed using peak area 
ratio. Urinary creatinines were determined by the alkaline picrate (Jaffe) reaction,and urinary 
IsoP levels were expressed as picomoles per millimole (pmol/mmol) of creatinine. 


Blood samples were collected for serum creatine phosphokinase levels in patients with acute MI 
at 6 , 12, and 24 hours after admission. Levels were assayed in the clinical chemistry laboratory 
of the Hopital Laval. 

Statistical Analysis 
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A paired (test was used when two samples from the same patients were being compared. More 
than two samples were compared with the use of a one-way ANOVA and, if significant 
differences occurred, by Duncan's multiple range tests to assess where the differences lay. Only 
preplanned comparisons were tested, and significance levels were corrected for number of 
comparisons made. Relationships between two continuous variables were assessed by regression 
analysis using the Pearson correlation coefficient. All data are expressed as mean±SEM, and 
differences were considered significant at a value of P<.05. 


► Results 


Urinary S-epi-PGFjcr excretion increased slightly after the performance of 

diagnostic coronary angiography (Fig 2S]). Levels (pmol/mmol creatinine) were 
64.7±9,5 before the procedure compared with 84.9±10.6 (P=.02) and 81.4±12.7 
(NS) in the first 6 hours and 6 to 12 hours after the procedure, respectively. 
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Figure 2, Urinaty 8 -cpi-PCF,a excretion is increased in 
the first 6 hours ,,P<. 0 l) aftcr angioplasty in patients 

with acute N'il (black bars: n=7) and returns toward 
baseline by 12 to 24 hours alter the procedure. There is a 
minor increase in S-cpi-PGF,c levels after diagnostic 

coronary angiograpliy (uhite bars: n=l 1 : ;,,P<.05) and 
elecliv'c angioplasty (.shaded b;irs; n-l.i; „7’<.05). 


There also was a modest, but significant, increase in urinary 8 -epi-PQF 2 « after elective coronary 

PTCA (Fig 2S). Levels rose from 88.7±7.5 at baseline to 114.3+16.1 (P=.01) in the first 6 hours 
and 100.3±9.4 (NS) at 6 to 12 hours after successful one-vessel PTCA. 

In contrast to controls, urinary 8 'epi-PGF 2 cr levels were markedly elevated after PTCA for acute 

MI. Levels (pmol/mol creatinine) in the 7 patients requiring PTCA rose from 105±17.8 in the 
ED to 230±66 (P=.009) in the first 6 hours, 166±31 (NS) at 6 to 12 hours, and 122±18 (NS) at 
12 to 24 hours after the procedure (Fig 2IS). Levels were similarly elevated in the overall group 
(n=10), whether they required PTCA or had been reperfused with thrombolytics alone (before, 
87.2±15; 0 to 6 hours, 183+51.2 [F-004], 6 to 12 hours, 136±26 [F=.05], and 12 to 24 hours, 
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100±16 [NS]). There was a notable heterogeneity in the increment in urinary S-epi-PGFjO- 


S among individual patients (Fig 351); however, there was an increase in IsoP biosynthesis 
u corresponding to the time of the procedure in all patients, with maximal fold increases over 
_ basal ranging from 1.3 to 3.7. Levels had declined to preprocedural values by 12 to 24 hours 
I after the PTCA. 







i 




u 





Figure 3. Urinary excretion of 8 -epi-PGF.,rt (fold 

increase over basal) in individual patients with acute VTT 
(n=10). 


The time course of altered urinary 8 -epi-PGF 2 <:f excretion corresponded to the rise in serum 


creatine phosphokinase release observed in the patients with acute MI (Fig 4ffl), The peak in 
serum creatine phosphokinase in these patients was consistent with early reperfusion.^^ 




Figure 4. Tliere vvas a similar temporal pattern of 
urinary 8-epi-PGF,,a excretion (•) and scium creatine 

phosphokinase levels (■) in patients alter thrombolysis 
for acute MI. 


( Urinary IPF 2 C»-I levels (pmol/mmol creatinine) were higher than 8 -epi-PGF 2 a levels in patients 
presenting with acute MI (466±91 versus 105±7.8; P=.003). Similar to 8 -epi-PGF 2 Cf, urinary 
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IPF 2 a-I also increased 0 to 6 hours after PTC A (833+153; P=.001) and returned toward 

preprocedure values over time (631±160 [NS] at 6 to 12 hours and 457+102 [NS] at 12 to 24 
hours after PTCA). Furthermore, urinary levels of S-epi-PGF^ff and IPF^tv-I were closely 

correlated (p^. 68 ; ?<.0001) in patients undergoing PTCA for AMI (Fig 5l±l). 
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Figure 5. GorTclarion (y-. 68 ; P<.0001; n=33) of urinary 
S-epi-PGF ,0 and lPF,,a-l levels in patients receiving 

thrombolytic agents for acute Nil. 
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► Discussion 

F 2 IsoPs are free radical-catalyzed PGF 2 a isomers formed in situ from 
arachidonic acid esterified in the membrane phospholipid.^® They are cleaved 

Ih 

0 out, presumably by a phospholipase A 2 , and appear in plasma and mitie. Unlike 


conjugated dienes or lipid hydroperoxides,®’® they represent chemically stable 
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^ end products of lipid peroxidation. Recently, isomers of PGE and PGD*^ as 
IjJ well as isoleukotrienes^® and isothromboxanes'*® have been described. 8 -Epi-PGF 2 a, an 

tj abundant F 2 IsoP, has been ascribed biological activity; it has been speculated to ligate a 
receptor distinct from but closely related to that for thromboxane A 2 .*^’'*^ 

Urinary determination of F 2 IsoP excretion may be a sensitive index of oxidant stress. 

Excretion is increased in an animal model of free radical injury,** in humans after poisoning 
with acetaminophen and paraquat,^^ in patients with alcoholic liver disease.*^ and in chronic 
cigarette smokers,^^’*^ diverse settings in which free radical-mediated tissue injury is strongly 
implicated. We also provided preliminary' evidence in the last group that administration of 
vitamin C, which is deficient in smokers,*^ depresses urinary 8 -epi-PGF 2 tt excretion. 8 -Epi 

PGF 2 tfi' may reflect lipid peroxidation in atherogenesis. For example, zymosan-stimulated human 
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monocytes, coincubated in vitro with LDL, markedly augment 8 - 6 pi-PGF 2 Cf formation."*^ This 

increase is prevented by pretreatment of the monocytes with antioxidants. Furthermore, we 
demonstrated a strong correlation between traditional indices of oxidant stress and B-epi-PGFjft 

generation in LDL particles oxidized by CUCI 2 in vitro.^'^ Consistent with these observations, 
we detected 8 -epi-PGF 2 or in human atherosclerotic plaque and immunolocalized it to 
macrophages and smooth muscle ceils within the lesion.^^ 

Recently, we reported the first evidence of increased IsoP generation in syndromes of coronary 
reperfusion.^^ Urinary 8 -epi-PGF 2 a excretion was increased in a canine model of coronary 

thrombolysis, in patients with acute MI treated with thrombolytic dmgs, and after clamp release 
in patients undergoing CABG. The increase in urinary 8 -epi-PGF 2 » during coronary reperfusion 

corresponded in both time and magnitude to changes in spin-trapping of PEN adducts, as 
detected by EPR performed ex vivo in patients undergoing CABG. 

The predominant pathway for 8 -epi-PGF 2 « formation in vivo is via free radical-catalyzed 
transformation of arachidonic acid. However, we have shown that 8 -epi-PGF 2 tt, unlike other F 2 

IsoPs, is also a minor product of COX-1 in activated human platelets^^ and of COX-2 in 
monocytes in vitro.^^ Many of the clinical syndromes in which free radicals have been 
implicated are associated with platelet activation, including reperfusion with thrombolytic 
drugs49*50 PTCA.^^ a formal evaluation of the effects of aspirin administration in chronic 
cigarette smokers, a setting of modest COX -1 activation compared with thrombolysis, suggests 
that the COX-1 pathway is a trivial contributor to overall 8 -epi-PGF 2 a formation, as reflected by 

its excretion in urine.Whether this remains true in settings of marked COX activation, such as 
thrombolysis for acute MI, is currently unclear. 

The present study extends and confirms our findings of increased 8 -epi-PGF 2 « biosynthesis in 

syndromes of coronary reperfusionIt offers the first evidence of oxidative stress in patients 
undergoing PTCA for acute MI with the use of nonin vasive measurement of IsoPs. The 
temporal relationship between maximal urinary IsoP excretion and PTCA suggests an 
association between reperfusion and IsoP generation. A less impressive increase was evident in 
patients undergoing elective PTCA, in whom the degree of ischemia/reperfusion was 
presumably less pronounced. Of note, diagnostic angiography was associated with a small 
increment in IsoP biosynthesis. A similar minor increment in urinary prostaglandin has been 
reported during diagnostic catheterization.^^ Previously, we provided evidence consistent with 
the measurement of 8 -epi as a noninvasive index of oxidant stress. We now report that 

a second F 2 IsoP, IPF 2 a-I, is even more abundant in the urine of patients with coronary artery 

disease. Importantly, this compound is not formed by COX in vitro or in vivo (J.A.L., P.B. 
Bairy, D. Pratico, J. Rokach, and G.A.F., unpublished data, 1997). Like 8 -epi-PGF 2 a', there also 
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is a marked increase in excretion of IPF 2 ^-I after PTCA in acute MI patients. The strong 
correlation between rPF 2 £t-I and 8 -epi-PGF 2 « implies that the increment in generation of 8 -epi- 
PGF 2 a reflects lipid peroxidation rather than COX activation. This finding is consistent with 

our previous observations, suggesting that the COX pathway is a trivial contributor to overall 8 - 
epi-PGF 2 a generation in vivo.^^ 

The source of IsoPs in urine is likely to be conditional on the experimental setting or the disease 
under study, as is the case with conventional PGs.^^’^'^ However, we assume that urinary 8 -epi- 
PGF 2 W is likely to reflect oxidant stress in tissues other than the kidney. Thus, although studies 




i 



of the formal disposition of 8 -epi-PGF 2 « in humans have not been reported, both plasma and 
urinary 8 -epi-PGF 2 a are elevated in liver cirrhosis,"*^ and both plasma and urinary levels of 
"total" F 2 -IS 0 PS are elevated in smokers,^^ two syndromes of presumed extrarenal oxidant 
stress. 

A limitation to the study of oxidant injury in cardiovascular disease has been the imprecision of 
analytical indices of the process in vivo^’^ and the use of ex vivo methodology that is of 
arguable relevance to what is actually occurring in vivo.^^ The absence of appropriate 
quantitative markers of oxidant stress in vivo has frustrated the ability to develop a rational 
basis for the dose selection and clinical evaluation of antioxidant drugs and vitamins.^^”^^ Thus, 
there is strong evidence for free radical generation and related myocardial dysfunction in animal 
models of myocardial reperfusion injury using in vivo administration of chemicals that form 
spin adducts detected by EPR.'^^ Suppression of such free radical-derived signals with a variety 
of antioxidants, either alone or in combination, results in attenuation of myocardial dysfunction 
in these models. The direct EPR techniques used in these studies are not applicable in humans. 
Therefore, clinical investigators have had to rely on ex vivo spin-trapping techniques and the 
measurement of less reliable markers of lipid peroxidation, such as malondialdehyde and lipid 
hydroperoxides. These studies have provided evidence suggestive of free radical generation in 
humans during PTCA,^®’^^ acute and CABG.^®’^^ However, there has not been a 

systematic approach to the evaluation of antioxidant strategies in reperfusion syndromes in 
humans. This has resulted in some confusion. Thus, the lack of clinical efficacy of recombinant 
human superoxide dismutase given to patients undergoing PTCA for acute could have 
been due to a lack of therapeutic effect of this specific agent, the dose selected, or the relative 
unimportance of oxidant stress in this clinical setting. In contrast, administration of N- 
acetylcysteine with streptokinase to a group of patients with acute MI^** reportedly suppressed 
plasma maldionaldehyde, a nonspecific index of oxidant stress, and preserved left ventricular 
function. 

Our findings are of potential importance in clinical practice. First, these noninvasive approaches 
could be used to determine the relationship between oxidative stress during MI and clinical 
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outcome in larger populations of patients. Our recent development of an immunoassay for 8-epi- 
PGF 2 ft would be more applicable than GC/MS to such an application.^^ Second, these findings 

suggest that there is a rational basis for evaluating antioxidants as therapy adjuvant to 
reperfusion strategies, such as PTCA and thrombolytic drugs. Finally, these noninvasive, 
quantitative indices of oxidant stress may be used to provide a rational basis for dose selection 
before evaluation of antioxidant strategies in cardiovascular disease. 
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